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Abstract 

We show that in 3-3-1 models it is possible to implement an extremely flat 
scalar potential, i.e., a zero contribution to the cosmological constant, and still 
having realistic values for the masses of the scalar Higgs fields. Besides, when 
loop corrections are considered they impose constraints over heavy particles 
masses (exotic quarks and extra vector bosons) which are present in the model. 
A crucial ingredient in 3-3-1 models is the existence of trilinear terms in the 
scalar potential. We also consider the two-Higgs doublets extension of the 
standard model with and without super symmetry. 

PACS numbers: 12.60.-i; 12.80.Cp; 98.80.Es 
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I. INTRODUCTION 



The cosmological constant A was initially postulated by Einstein who included by hand 
the term h^g^^i, in his gravitational theory in order to obtain a static Universe solution. In 
subsequent works the meaning of this term was clarified and it was shown that it is linked 
with the vacuum energy density. The Einstein's field equations with the A-term are 

Rfj-y - ^9ixy - ^9ny = SttGT^^, (1) 

where Rfj,^, is the Ricci tensor, 51^^ is the metric tensor and R represents the curvature scalar 
of the space-time and T^j, is the energy momentum tensor; G is the constant of gravitation. 
The so-called "cosmological constant problem" [1] consists in the fact that the values of 
the vacuum energy densities related to quantum field energy scales, for instance, quark 
condensates (qq), Aqcd and to the Planck scale Apianck, are several orders of magnitude 
larger than the values suggested by the astronomical observations (see below). 

In the context of classical general relativity we can always omit the A-term in the La- 
grangian. On the other hand, in quantum field theory only energy differences are measured, 
so we can always redefine the vacuum energy in such a way that it always corresponds to zero 
energy. However, since gravitation is sensible to the absolute value of the energy, through 
distortions in the space-time, all matter and energy forms couple to gravitation. It means 
that the metric g^i, can be coupled as an external field to the bare action of a quantum 
field theory playing the role of a source for the energy-momentum operator [2]. Therefore 
we cannot avoid the problem when both gravitational phenomena and quantum field theory 
are taken into account, because in this situation it is not allowed to redefine the vacuum 
energy [3-5]. 

Until the end of the nineties, astronomical data were able to give for the value of |Aobs| 
only an upper bound. Because of the smallness of the bound, compared with the theoreti- 
cally expected values, many attempts were made in order to find models in which the total 
cosmological constant was exactly zero [6]. None of these attempts, however, is based on 
some fundamental theory and at present only considerations based on the anthropic princi- 
ple suggest a route towards the response to the cosmological constant question. However, 
although these considerations receive support from the infiationary cosmological models, 
they do not have yet experimental basis [1,7,8]. The effort spent to solve this (still open) 
problem is justified since the geometry and the evolution of the Universe are closely related 
to it [4,8,9]. Therefore, advances in this problem may lead us to a better understanding 
of some of the crucial problems in both cosmology and elementary particle physics. In the 
latter, this problem is related to another not well understood question: the mechanism of 
mass generation via the spontaneous symmetry breaking (SSB) , through scalar Higgs fields 
with a non-zero vacuum expectation value ( VEV) . That mechanism also implies a new large 
contribution to the cosmological term in the Einstein's equations [10]. We named this the 
"electroweak cosmological constant" (ECC) in order to left clear the difference with other 
quantum field contributions to the cosmological constant as those mentioned before. 

Independently of these theoretical issues, recent astronomical observations [11-14] 
strongly suggest a nonzero and positive A. This result comes from observations of Type la su- 
pernova [11], gravitational lensing frequencies for quasars [12] and harmonics of cosmic back- 
ground radiation (CBR) anisotropies [13]. These astronomical data gives 0.6 < il\ < 0.8, 
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where = A/3i^o ^'^^ ^ density in nnits of critical universe mass density, with Hq = 71 
km s-lMpc-^ (1 s = 1.52 x lO^^ GeV"^ and 1 pc = 3.086 x 10^^ m [15]). Assuming = 0.7 
we have 

Aobs = 4.8 X 10-^^ GeV^ (or A^^^G ^ 10''^^^) , (2) 

where we have used G = 6.71 x 10~^^ GeV~^ and h = c = 1. 

In this work we are interested only in the contributions of the scalar Higgs sector to the 
vacuum energy density. Models with the scalar fields, denoted collectively by with the 
respective scalar potential V ($), have a part in the energy momentum tensor given by 

= - g^, (^^g^^da^dp^ - V{^)^ . (3) 

The vacuum part in T^,^ is gotten when 9^$ = so that, denoting the VEVs of the 
neutral component of the Higgs fields collectively as $ by (0), we have that the vacuum 
energy momentum tensor is 

= 9,.V m = g,^p^^ = g,^^, (4) 

where pa^ the vacuum energy density. We can write the purely electroweak contribution 
to the cosmological constant Avi^ = 87rGV{{(p)). 

Hence, in addition to the intrinsic cosmological constant in the Einstein equation, A 
in Eq. (1), there is a contribution to the vacuum energy coming from SSB sector, so the 
observed or effective cosmological constant is [5] 

Aeff = A-87rG'|\/((0))|. (5) 

It is Aeff which should coincide with Aobs i-e., Aeif ~ Aobs, and this can be obtained if 

Aeff^Aobs (a); or A « Aobs, 87rGV{{<f))) =0 {b). (6) 

Eq. (6a) implies that there exist a fine tuning between two parameters which are different 
in the sense that A does not depend on the matter fields while SnGV {{(p)) does. We may 
wonder ourselves how this fine tuning is possible between terms which so different physical 
origin. It will be more natural that A fa Aobs while S7rGV{{(f))) — 0. The first possibility, 
Eq. (6a), can be implemented in any electroweak model and for this reason it is not so much 
interesting as a solution to the electroweak cosmological constant problem. On the other 
hand, it is not clear at all in which kind of models (if any) the case in Eq. (6b) is realized. 
In other words, in general we will look for an interval for the possible values for A 

Aobs + 87rG\Vi{(f>))m\ < A < Aobs + 87rG\V{{(f)))M\ (7) 

in which |V"((0))m| (|^((0))m|) is the largest (smallest) value of |V((0))|. It is well known, 
and we will review this in the next section, that in the standard model |T^((0))m| = 
\V{{(j)))m\ = |V'((0))| and for this reason only the fine tuning A = Aobs + ^'^G\V{{(f)))\ 
is allowed and A^g ft! Aobs as in Eq. (6a). 
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Here a remark is in order. It is always possible to add an arbitrary constant Vq = — 
0) to the scalar potential, in such a way that V{{(f))) ^((0)) + K) in Eq. (5). We may 
consider Vq as a bare cosmological constant in Einstein equation as in Eq. (1). This follows 
because if I/matter denotes the matter Lagrangian, which includes the scalar potential V{^), 
we can also use iv^a,tter — -^'matter — Vq instead of just ivinatter- Both Lagrangians give the same 
equation of motion for the matter, moreover, Vq is a model independent parameter in the 
sense that it does not depend on the fields of the model and it is the same for all electrowcak 
models. In fact, Vq (or A) does not depend on the state of the Universe. Hence, it is possible 
to identify A with SnGVo i.e., A = SnGVo or, more properly that A + SttGVq — > A' and just 
omit the prime. 

We are also not assuming any form of exotic dark matter inducing a highly negative 
pressure [16]. Hence, we will neglect other contributions to the vacuum energy density and 
consider only the contributions of the Higgs scalars. It means that we will compare, under 
the same assumptions, only the electroweak contributions to the vacuum energy density in 
several electroweak models. 

The outline of this paper is the following. In Sec. II we consider the cosmological constant 
coming from SSB in the context of the electroweak standard model. As it is known in that 
model a fine tuning, only among the parameters of the scalar potential, is not allowed since it 
would imply a rather light Higgs boson. Next, in Sec. Ill, we show that the troubles survives 
in the multi-Higgs extensions of the standard model with or without supersymmetry. In 
Sec. IV we analyze one of the so called 3-3-1 models, including 1-loop effective potential, 
in a version of the model with only three Higgs triplets [17]. We also, briefly, comment the 
case of the 3-3-1 model with a scalar sextet [18]. Our conclusions appear in the last section. 



II. THE ECC IN THE STANDARD MODEL 

To clarify our goal in this work let us consider the ECC problem in the context of the 
standard electroweak model. There the scalar potential is 



VsM — 2 



(8) 



where /x^ < and A > arc parameters of the potential and $ = 0"'" j is the only 
Higgs scalar doublet present in the model. The neutral component 0° gets a non-zero VEV 
vw fti 246 GeV. When we take the potential at the minimum point we find 



Vsm{vw) = v^. (9) 

implying that Aw = SttCVsmI^pf) ~ —3.4 x 10~^^ A GeV^, which is, independently of the 
minus sign, several order of magnitude larger than Aobs (see Eq. (2)) unless we impose that 
the constant of the scalar potential has an appropriate value: A = 1.4 x 10^^^. However, 
since the mass of the Higgs scalar is given by ttih = V^vw, that value for A implies a 
rather hght scalar uih ~ lO^^^mg, where nie is the electron mass [10]. A Higgs boson with 
mass < 5 GeV has been ruled out by a variety of arguments derived from rare decays, static 
properties like the magnetic moment of the muon, and nuclear physics [19]. So, in the SM 
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we cannot use a fine-tuning among its parameters for obtaining a cosmological constant 
compatible with the observed value, and at the same time to obtain a scalar Higgs field 
with a mass of the order of 115.6 GeV [20]. In other words, in the standard model we have 
that Vsm{vw) = -2A x lO^GeV^. Since K>bs = Khs/SnG = 2.8 x 10-^^GeV^ it means that 
|^SM('yvK)/Kbs| ~ A X 10^^ and since from the experimental data we have that A ~ 0.13, we 
see that only the case in Eq. (6a) is possible in this model. 

From the phenomenological point of view this is not a fault of the (any) electroweak 
model. However, we may wonder ourselves if it is possible to built a model in which there 
is no a contribution to the cosmological constant coming from the SSB sector and having, 
at the same time, a realistic mass spectrum in the scalar sector. 



III. MULTI-HIGGS MODELS 



In this section we will consider two popular extension of the standard model: the two dou- 
blets, in Sec. Ill A, and the minimal supersymmetric standard model (MSSM), in Sec. IIIB. 



A. Two Higgs scalar non-supersymmetric model 

In the two doublets non-supersymmetric extension of the standard model the Higgs 
scalars are $i = (0^0?) and $2 = ( 02 02 ) with the VEVs (0?) = Vi/Vo, and 
(00) = V2/V2 and vl + vl^ v^. Its CP -conserving scalar potential is given by [19] 



(10) 



l^TD = /^I'^'l'^'l +/^2*2*2 + Ol ('^'I'^'l) +a2(<^'2^2) + ($^$2) 

+ a4($l$2)(*2*i) + as ($1*2)^ + H.c. , 

and we have assumed invariance under $2 —^2 [21]. 

Thus, the vanishing of the linear terms in the neutral fields gives the constraints 

-/ij = ai^i ^(03 04 + 205)^2, -/J-l^ a2vl + ^{a3 + a4 + 2a5)vl, (11) 

while the positivity of the Higgs bosons mass matrices implies 

ai,a2>0, as < 0, (03 -|- 04 -|- 205)^ < 4aia2, 04 -|- 2a5 < 0. (12) 

Next, using Eqs. (11) the minimum of the potential is 

111 

VTD(niin) = Vtb{vi, V2) = -- aiv^ - - 02^2 - ^ (as + a4 205)^1^2. (13) 

It is easy to verify that a solution to the equation Vtt:,{vi,V2) = 0, that at the same time 
satisfies the constraints in Eq. (12), does not exist. Hence, in this model we have always a 
negative contribution to the vacuum energy. In fact, we can write Eq. (13) in terms of the 
masses of the neutral physical Higgs of the model mj^^ 2 
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VrDlnim) = -— ^ — - ' tttt ■ (14) 

^ ^ 16 ai + 02 - (03 + 04 + 205) 5!(^;^ - i)?) ^ ^ ^ 



where {ii, is given by 



1 2a2 — (a — 3 + 04 + 205) 2 

2 oi + 02 - (0.3 + 0-4 + 205) 



(15) 



has been obtained from the condition dV-iY){m.m) / dvi = 0. 

We see that in this two doublet extension of the SM Vtb{^^^)m ~ ^TD(miii)m ~ 
VrDlmin), and the interval allowed for A in Eq. (7) is a rather small one i.e., in prac- 
tice we have that like in the SM model A Ki Aobs + VTD(niin). Thus, as in the previous 
section the only fine tuning allowed is A ~ +10^^ Aobs- Notice also from Eq. (14) that a 
vanishing contribution of the scalar potential to the cosmological constant implies also a 
zero mass neutral scalar. In this situation it is not worthing to calculate loop corrections to 
the scalar potential. 



B. Minimal supersymmetric standard model 



The minimal supersymmetric model has also two scalar doublets. Hi — (i?°*, —Hi Y 
and H2 — {H}, H^Y. The associated scalar potential is in this case [22,23] 



Vs = ml\Hi\^ + ml\H2\^ - ml (eijH{Hi + H. c.) + ^ 
+g''{\Hi\^-\H,\') 



g''J2\HlriHi + HlnH2\ 



(16) 



where mi, m2 and ms are parameters with dimension of mass, Tj {i — 1,2, 3) are the Pauli 

matrices, g' — gtemOw and g — 2\J \/2GfMw- As before we define the VEVs as {H^) — 
Vi/\/2, {H2) — V2/V2, with vj + V2 — v^, and the constraints equations are: 



^ 8vi 

2 1 
—mo = 

' 8^;2 



V2 {g^ + g'^) {vl - vl) + Amlvi 
Therefore, taking the potential in the minimum we find 



(17a) 
(17b) 



ys(niin) = Vs{vi,V2) 



9' 



32 cos2 e 



w 



{vl-vtf. 



V1V2 2 2 



(18) 



In the second line m|^^ ^ denote, like in the previous model, the mass square of the two 
physical neutral scalars of the model. The fine tuning Vs(min) = in Eq. (18), occurring 
apparently with vi = V2, is not possible since it implies that one of the neutral Higgs is 
massless, and we have a similar situation to the two previously considered cases i.e., the 
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minimum of the potential is proportional to the mass(es) of the neutral Higgs scalar (s). On 
the other hand, the 1-loop corrections vanishes because of the supersymmetry. However, 
this occurs only in the early universe when T > Tsusy and since we are now at T < TgusY 
this is not a desirable scenario. Anyway, the soft terms that have to be added to break 
the supersymmetry will induce non-zero contributions to A^, at both tree and 1-loop level, 
which are also of the order of \Aw\ ~ lO^^Aobs, and this is the only possibility. 



IV. THE COSMOLOGICAL CONSTANT IN A 3-3-1 MODEL 

Another model that we will consider here is the three scalar triplet version of the 3-3-1 
model [17]. In this kind of model the gauge symmetry SU{3)c ® SU{2)l Cg> U{1)y of the 
standard model is extended to SU {3)c®SU {3)l^U{1)n. The pattern of symmetry breaking 

is SU{3)l ® U{1)n ^ SU{2)l ® U{1)y ^ U{1),^ where 



77 = 



\V2 J 



( P' 




(19) 



transform under the SU{3)l ®U{1)n group as (3,0), (3, 1) and (3, —1), respectively. The 
neutral scalar fields develop the VEVs {i]^) = f^/v^, (p°) = Vpl\f2 and = with 
v^+v'^p = v^/. According to the symmetry breaking pattern we must have v-^^ ^ Vn, Vp. The 
rest of the model representation content is given in Appendix A. 



A. The tree level scalar potential 



We take the more general scalar potential that is renormalizable and conserves the total 
lepton number, i.e.. 



^331 = IJ'Wv + pIp^P + Plxh + Ai [ri^v) + (pV) + M {x^x) + [jfr]) [A4 (pV) + 
As (x^x)] + Ae (pV) (x^x) + A7 {p^v) (v^p) + Ag (x^rj) (rj^x) + A9 (p^x) (xV) 



VtPjXk 



H. c.) , 



(20) 



where the A's are dimensionless constants and /I's and / have mass dimension [24]. As 
before, conditions for the extremum of V331, besides the trivial solutions — Vp — — 0, 
imposes 



A4 o Ac ^ 

2 " ■ 2''^^ 2V2v^^ 



Pi + Ai^^^ + —Vp + —v^ + 



A, 



P2 + A2^^p + —v^ + —v^ + 



A 



6„,2 



2^2' 



vi. 



0, 



0, 



A 



5„,2 



P3 + ^3V^ + -77% 



A 



^6 2 , 

— vi H 1= — 

2 " 2^/2vl 



(21a) 
(21b) 
(21c) 
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We have defined A = fvr,VpV^ and we have assume all VEVs and / to be real. (Otherwise 
a physical phase remains in the model, which we can choose as the phase of v^, and we 
have CP violation [25].) Unlike the previous models the present one has two additional 
parameters with dimension of mass: (which have to be larger than 246 GeV) and /, 
the coupling constant in the trilinear term of the scalar potential, that in principle is an 
arbitrary mass scale. 

The minimum of the full scalar potential is written as (up to the 1-loop order) 

y33i(min) = Vs3,iv„ Vp, v^) = V^'\mm) + V^'\mm), (22) 

where V^^\mm) and ^(^•'(min) denote the tree level and the 1-loop contributions (h = 1), 
respectively. We will consider the possibility that the extra constraint V331 (min) = depends 
only on the parameters of the model. The tree level term is give by 

y^°)(min) = I^AivJ + X2VpX3V^ + XavIv^ + Asv^vJ + AevJvJ + v,^VpV^ , (23) 

and we impose the extra constraint equation 

y(°)(min)=0, (24) 

which implies that the scalar potential is fiat at the tree level. A two dimensional projection 
of Eq. (24) is shown in Fig. 1. In fact, Eq. (24) defines a 3-sphere in the V,Vr^,Vp and 
space with V — Q. 

Before considering the 1-loop correction, we will show that, unlike the other models 
considered above, in this 3-3-1 model there is a range of the parameters where the condition 
Eq. (24) is satisfied without spoiling the mass spectra of the model. In other words, after 
the SSB the minimum of the scalar potential may be flat in all directions and even in this 
case the model remains realistic. Of course, this is not a prediction of the model since there 
are other ranges of the parameters where this is not the case. 

From Eqs. (23) and (24) we get 

/ = (A,< + A,.; + A3< + X^vlvl + X,vlvl + X,vX) . (25) 

Ujj Up u-^ 

The condition / < is required by the positivity of the masses of the scalar fields. 

Next, it is necessary to consider in detail the scalar mass spectrum. In the scalar neutral 
sector we have the mass matrix 



V -^^^-X 2V2VI ) 



2X,vl 



A 



(26) 



Besides the VEVs, there are six dimensionless free parameters, Ai ... g in the mass matrix 
in Eq. (26). We will use, just as an illustration, small values for the A's in order to be sure 
that we arc in a pcrturbative regime. Thus we use the following values for them: 

Ai = 1.5, A2 = 10-2 A3 = 10-^ A4 = 10"^ As = 10-^ Ae = 5 X 10"^ (27) 
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and v,^ = 160 GeV, = 1.5 TeV and = [(246)2 - v^] ^ (186.86 GeV)^ Prom Eq. (25) 
and (27) it follows that 



/ 



-159 GeV. 



and the eigenvalues of the matrix in Eq. (26) are (in GeV) 

472, Mh^ ~ 160, Mhs ~ 24. 



(28) 



(29) 



On the other hand, it is well known that the final LEP's results indicate that the mass 
of the standard Higgs bosons must be of about 115.6 GeV [26]. Although we know that 
experimental bounds on the Higgs bosons mass are model dependent, below we will show 
that in this sort of models there is not incompatibility with the LEP data, since x° transforms 
as singlet under the SU{2)l (g) U{1)y symmetry, hence ^ is almost singlet. 

First at all, we note that the symmetry eigenstates rfiP^iX^ and the mass eigenstates 
Hi , H2 and are related by an orthogonal matrix as follows 



/ -0.8708 0.4882 0.0573 \ 

0.4889 0.8723 -0.0030 
1^0.0507= -0.0256 0.9983 / 



(Hi 
HI 



(30) 



and we recall that from Eq . (29) Mh^ > > Mh^- This "inverted" mass spectrum is a 
consequence of imposing the extra constraint equation in Eq. (24), or Eq. (25). 

Notice that, in fact with the values of the parameters used above, x° is almost the 
hghtest scalar: x ~ .9983if3. At LEP the Higgs boson of the standard model is supposed 
to be produced mainly via the Higgsstrahlung in e~^e~ ZH in the s channel where the 
Higgs boson is radiated off an intermediated Z boson. This process depends on the trilinear 
interaction ZZH which in the standard model (at the tree level) is proportional to 



r-SM 
'-ZZH 



sin 9 



w 



Z^Z^H\ 



(31) 



where vw — 246 GeV and si-a^ OwiMz) = 0.23113 [15]. On the other hand, the scalar 
X° couples mainly with the exotic heavy fermion of 3-3-1 models. Thus, the signature of 
e~^e~ — > Zx decay is two 6-jets, from the Z decay, and large missing energy. Besides, 
this process has a rather small cross section since, as wc will show below, the x^ scalar is 
Z- phobic i.e., the coupling ZZx is suppressed with respect to the ZZH coupling in the 
standard model. Although we have calculated the vertex ZZx exactly we will show below 
only the expression in the approximation v^^jVp <S v^. In the later case the ZZx-trilinear 
coupling is proportional to 



f331 _ 

'-ZZx - 



sin 9 



w 



f V 

sin Ow —B' 

Vw 



Z'Z.x', 



(32) 



where we have defined 



With the value of sm6w and the VEVs v.,), Vp and used already above we find 



sin^VK^E^ ft; 10-1 (34) 

Vw 

We see that the vertex ZZx is 0.01 per cent of the respective vertex of the standard model 
given in Eq. (31) even if we assume that = H^. The Z-phobic character of x° is in fact 
expected since this field transforms as a singlet under SU{2)l ® U{1)y C SU{3)l <SiU{1)n 
and it decouples from when ^ oo. 

On the other hand, we see from Eq. (30) that the r]^,p^ have also a small components 
on the hghtest scalar H^, i.e., if ■ ■ ■ 0.0573if3 and ■ ■ ■ — 0.0030i73, where the eUipse 
denote the components in H12. It means, respectively, a factor of 0.0103 and 0.008 in any 
cross section involving rf,p^. In this case, besides this suppression factor, the respective 
couplings with the Z^ have a factor Vj^/v^y ^ 0.6504 and v^/vw ~ 0.76. taking into account 
the mixing angles in Eq.(30) we obtain that the cross section e+e" — > ZH^ through rf{p'^) 
the total suppression factor 1.4 x 10~^ and 5 x 10~^. So, the LEP data applies only to the 
heavy scalar and if2- 

The massive pseudoscalar present in the model has a mass 



„ ^ / 1 1 1 \ 

"'-W2[rr^j' '''' 



and, with the values of the parameters used above we have that ~ 414 GeV. 
In the charged scalar sector we have the masses given by 

^^. = v(-2 + -?)-Afi + iV (36) 



2^ ' ' 2^/2\ 



for the doubly charged scalar. 



Ml. = ^(.? . - ^ (1 . 1) . MU = ^(.? + .5, - ^ (-L . -L) . (37, 

for the two singly charged scalars. Using A7 = Ag = Ag = 0.1 we obtain the numerical values 
M++ ft 433 GeV, M+i ft 417 GeV, and M+2 ^ 462 GeV. 

Of course, it is possible to obtain another set of values for the scalar Higgs masses 
by choosing another values for the dimensionless constants A's (recall also that < 3.5 
TeV [27]). A solution with all neutral scalar heavier than 114 GeV is shown in the Ap- 
pendix B). 

We have shown that in this 3-3-1 model, at the tree level, it is possible to have a realistic 
mass spectra while vanishing the contribution to the cosmological constant. Next, we will 
show that this situation is stable when radiative 1-loop corrections are included. 



B. Radiative corrections to the scalar potential 

Having showed that it is possible to get a flat potential at the tree level in a 3-3-1 model 
satisfying the condition in Eq. (24), now we will be concerned with the 1-loop radiative 
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correction effects, and to see if at tliis level the condition V^^^ (min) = is possible. In other 
words, even at the 1-loop level we have a potential as in Fig. 1. 

To calculate the effective potential at the 1-loop approximation we appeal to one of the 
well known methods, see for instance Refs. [28,29]. In this approximation, all quantum 
corrections can be extracted from the quadratic part of the Lagrangian after shifting the 
neutral component of the scalars fields i.e., wc shift the real part of these fields, — >■ ^^p+u^, 
to calculate the first quantum correction to the potential, i.e., V = V^^^+V^^^ [29]. According 
to this method, choosing a gauge with the Landau prescription [21], a generic field ipa 
give us the following 1 loop contributions to the scalar potential 

i r d^k 

^~2J JW^^ [^^ab^("iaW,A;) 



647r2 



+ - + ln47r-7 m^K)-^^ln 



(74 



(38) 



where stands for the respective degrees of freedom times +1 for bosons and -1 for fermions, 
'^'^abi'^^ai'^ip)) k) is the inverse of the propagator and a is an appropriate energy scale. The 
second line in Eq. (38) was evaluated using dimensional regularization (sec Appendix C). To 
remove the infinities in Eq. (38) we adopt the minimal subtraction scheme MS in which all 
terms proportional to l/£-|-3/2-|-ln47r — 7 are absorbed by renormalization counter terms. It 
must be pointed out that the mass dimension functions ma{u^) above are dependent on the 
u^p, which will be identified later with the real components of the neutral fields, and only at 
the nontrivial minimum point it will assume the value of the physical particle mass. Notice 
that there is no an infinite constant term, i.e., the counter term to the cosmological constant, 
which we call Co, which determined by a renormalization condition, is finite according to 
the regularized integral above. This is a characteristic of this renormalization scheme. Thus, 
the total contribution at the 1 loop order to the scalar potential, for a model with a number 
n of fields, is given by 

y^'^ - ^ E Y 1- + ^0. (39) 

This equation includes also a part due to the non-physical fields that give rise to the 
Goldstone bosons. In fact, the functions m^(it^) which came from the scalars fields, are 
the eigenvalues of the several mixing matrices arising when the shift is realized in order to 
obtain loop corrections. It is not difficult to see that when the constraints are imposed, there 
is no contribution coming from these non-physical bosons for the effective potential at the 
non trivial minimum. The reason for such a thing is that Goldstone bosons are massless. 
The energy scale parameter a will be chosen at the scale we discuss the new physics [30]. 
Changing a docs not affect anything, since it is equivalent to a rcparamctrization of the 
coupling constants. In our case, we will take o" = 1.5 TeV. This is due to the fact that the 
main contribution to the effective scalar potential is given by the heaviest particles present 
in the model and these particles are expected to have masses, in the 3-3-1 model, near that 
value. For the minimal standard model, it is easy to see that a natural choice is the vacuum 
expectation of the Higgs field i.e., 246 GeV [21]. Here the situation is a little bit more 
complicated since we have four physical neutral scalar fields. We have verified that there is 
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not a significative change in the final results for another chooses of the energy scale, between 
1 and 1.5 TeV, but maintaining the same values for the coupling constants A,,-. 

Now that we have the effective potential up to 1 loop adding to the tree level part given 
in Eq. (23), we can fix the value of Cq in Eq. (39) by using the condition V{0) — and we 
have 



1 



y33i(min) = V^'\C^ ^u^) + —-Y: 



a=l 



(40) 



with m'^{0) meaning computed at the trivial minimum i.e., at the origin. New constraints 
arise, and they differ from the previous ones in Eq. (21) only by corrections which came from 
Eq. (23), i e., we add functions Qy^, g^p and Qy^ to Eqs. (21a), (21b) and (21c), respectively, 
where g^^ stands for 



9ve = 



327r2 



a=l 



dui 



(41) 



Ug=V0 



We will denote the potential V at the minimum by V331 (min) , and it is given by 



1/331 (min) 




m 



(In + l)mt 



m.. 



+ 3E/^' In 



(42) 



where Vg{d/dvg) = v^{d/dv'^) + Vp{d/dv'j,) + v^{d/dv'^), and = rn'^{vQ) denotes the mass 
of the physical field (/?. We point out that this derivative has to be done before the fi"^ 
elimination. The sum over <^(phys) means that we are disregarding the non-physical fields 
in V33i(min) according we have mentioned above. Hence, the mass dimension functions 
which appear in Eq. (42) , take in this point the value of the mass of the respective particle 
(p. At this moment we have that the condition in Eq. (6b) becomes 



V33i(min) = 0, 



(43) 



where V33i(mim) is given by Eq. (42) and the main contribution comes from the heaviest 
particles. They are the vector bosons U^^, and Z', three exotic leptons Ea, and finally, 
the quarks J and The contributions of particles with masses below 500 GeV, as the top 
quark and the Higgs scalars are negligible. We have also assumed that the heavy leptons 
are also in this range. In Fig. 2 we show the surface satisfying the condition in Eq. (43), 
using Eq.(42), as a function of the mass of the exotic quarks and for my = tyiu = 1 TeV. 
Notice that the upper limit of the masses of the exotic quarks are near 1.44 TeV. 

Of course, there exist other values for the quark masses that satisfy the condition of flat 
potential. This shows that in the 3-3-1 model context, unhke the other electroweak models 
that we have considered above, the values of the parameters stay in a reasonable range 
even when we impose a zero value of the cosmological constant coming from the SSB of the 
model. Although we have considered the version of the model with only three scalar triplets 
it is easy to convince yourselves that the same will happen if we add a scalar sextet to the 
model as in Refs. [18]. In that kind of model there are at least two trihnear terms, and for 
this reason it seems obvious that similar results should be obtained in this extension of the 
model. Details will be given elsewhere. 
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The radiative corrections will be inside of the validity domain of the perturbation theory, 
only if [a(A)/647r^] In (m^/o"^) < 1, where A denotes the largest coupling constant of the 
electroweak sector and m is a generic mass parameter. It can be shown, using the parameters 
given before, that this is the case for the 3-3-1 model. 

Unfortunately, in these models it is not possible to obtain a tiny and positive Aw- At 
the tree level if V{{(f))) > 0, it means that the truly minimum of the potential is at the 
origin (0) = (see Fig. 1). On the other hand, at the 1-loop level if we impose that 
V33i(mim) > using Eq. (42) or, that the fermion contributions dominate, the potential 
becomes unbounded from below. Only negative or zero A^^ are possible to be obtained. In 
fact, this argument is valid for any electroweak model. 

V. CONCLUSIONS 

We conclude that, under reasonable hypotheses, in some gauge models stringent bounds 
on symmetry breaking parameters come from the vacuum structure. In models with scalar 
potential as in Eq. (8), (10) or (16) the contribution of the SSB sector to the vacuum energy 
can be made compatible with the observed value only after an extreme fine tuning between 
two physically different parameters: a bare cosmological constant A and the purely SSB 
contribution = 87rGV{{(j))). This is the fine tuning indicated in Eq. (6a). In both 
models considered in Sees. IIIA and IIIB we have \V{{4>))\m ^ \V{{4>))\m so, numerically 
there is no a large difference with the situation of the standard model, thus from Eqs. (7), 
(14) and (18) we see that A ^ Aobs + 8'^G\V{{(j)))\, in those models. 

However, in the 3-3-1 case, besides the fine tuning mentioned before, there exist the 
possibility that the cosmological constant does not have an electroweak contribution i.e.. 
Aw = 0, i.e., a fine tuning of the sort of Eq. (6b). In this model the lightest neutral scalar, 

{mHs ~ 24GeV -C ~ 1.5 TeV), may be almost singlet ^ This axion-like 
scalar may be a consequence of the Weinberg's no go-theorem [1] valid in any adjustment 
mechanism approach to the cosmological constant issue [31]. As we mentioned before, and 
shown in Appendix B, it is possible for another range of the parameters, to have an scalar 
if 3 with a mass of the order of 156 GeV or even a little bit larger (pa 200 GeV). However, 
even in this case we have that x° ~ and m^a <^ v^. 

The Yukawa interactions in this 3-3-1 model are given by (see the notation in Ap- 
pendix A) 

= Gl^^UkRX* + Q.lJrX + Gf, W)aLEmX + H.c, (44) 

where all fields in Eq. (44) are symmetry eigenstates. We see that couples only exotic 
heavy quarks and leptons with the known particles, so the decays x° qJ, qj, E~^l~ are 
kinematically forbidden; x° — > ZZ and x° ^ Z'Z' are also energetically forbidden since 
always Mz' > ruHi, and if mn^ < 2Mz- Hence, for a range of the parameters, is a stable 
heavy neutral scalar and a good candidate for cold dark matter. 

Due to the suppression factor shown in Eq. (34) even if rriHg ~ 200 GeV, as in 
Appendix B, the decay ifs — > ZZ, which is now energetically allowed, has a width 
r(if3 ZZ) fa 3 X 10~^ MeV which, although is small enough to have consequences 
in accelerator physics, it is larger than the width of the universe (~ 10~^^ MeV) i.e., the 
mean life th^ is ~ 10~^^ times the age of the universe. 
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The effective potential must be flat order by order and, since the loop corrections depend 
on the masses of the other particles (exotic fermions and vector bosons), any fine tune implies 
constraints on the masses of these particles too. In particular, we show in Fig. 2 that if the 
masses of the vector bosons are of the order of 1 TeV, the flatness condition of the effective 
potential at the 1 loop level implies constraints on the masses of the exotic quarks of the 
model which are compatible with what is expected on phenomenological grounds [32]. With 
solutions to eigenvalues of the mass matrix in Eq. (26) in which the scalar H-i, has a mass 
of the order of 150 GeV our analysis summarized up in Fig. 2 has to be redone, allowing in 
this case exotic quarks with masses larger than the values appearing in the figure. 

From the phenomenological point of view, the fact that the contribution to the vacuum 
energy is large is not an argument against any electroweak model, however it is certainly 
a virtue of 3-3-1 models, and probably other models with trilinear scalar interactions, that 
for a domain of the parameters, the scalar potential is fiat in all directions and, at the same 
time, but it has still a reahstic Higgs scalar mass spectra. We recall that in 3-3-1 models 
trilinear terms are necessary since only with them the gauge symmetry of the scalar potential 
is just SU{3)l and not, say, [SU{3)l]^ i..e, these interactions are necessary for having the 
correct number of Goldstone bosons. Incidentally, we would like to point out that no one 
of the proposed solutions to the observed cosmological constant using scalar fields, have 
introduced trilinear interactions [33]. Moreover, these ideas may be implemented also in 
infiation scenarios [34] . 

Summarizing, in the case of 3-3-1 models the fine tuning is as in Eq. (6b) or, since we 
have V{{(f>))m = in Eq. (7), 

Aobs < A < Aobs + S7rG\V{{(l)))M\. (45) 

It is the possibility that A = Aobs that is interesting. In this case A can be considered 
a genuine gravitational parameter like the Newton constant, G. Finally, we would like 
to say that since (0), and hence V{{4>)), varies during the evolution of the universe, the 
value of A^ also varies with T. At early epoch of the Universe the effects of temperature 
will change the value of the minimum of the potential by several order of magnitude, and 
Pa{T) = SvrGVssi (min) (T) will also change with the temperature. It would be interesting if 
in the 3-3-1 models there exist a domain of the parameters in which the broken symmetry 
is not restored at high temperature [35]. 
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APPENDIX A: THE 3-3-1 MODEL. 



The fermions of the 3-3-1 model that we have considered in this work are the following [17] 



aL 



(3, 0) , a = e, fi,T 



QiL — 



E+ . 



(3*,- J), 1 = 1,2; QsL^ids ^( 



(Ala) 



(Alb) 



The left-handed fermion fields have their right-handed counterparts transforming as singlets 
of SU{3)l group, i. e.. 



1,-1), E+,^(l,+l), 
Ur^ (1,2/3), Dr^ (1,-1/3), J ~ (1,5/3), ji,2R ~ (1, -4/3) 



(Ale) 
(Aid) 



In Eqs. (Al) the numbers 0, 2/3, —1/3, 5/3, —4/3 and ±1 are the U(1)n charges. Here we 
are defining Ur = UR,CR,tR and Dr — dR,SR,bR. In order to avoid anomalies one of the 
quark families must transform in a different way with respect to others. 

In the gauge boson sector the single charged (V"^) and double charged (f/^^) vector 
bileptons, together with a new neutral gauge boson Z^', complete the particle spectrum 
with the charged and the neutral gauge bosons from the SM. The content of the 
scalar sector is the three triplets of the Eqs. (19). 

As we said before, in a version of the model where there is no heavy leptons, one additional 
sextet have to be added [18]. However, since the sextet is introduced to gives mass to the 
known charged leptons the respective VEVs are smaller than the VEVs of the other Higgs 
scalars. Thus, its contributions to the vacuum energy may be negligible. 



APPENDIX B: HEAVY SCALARS SOLUTIONS 

It is possible to obtain another set of values for the scalar masses by choosing another 
values for the dimensionless constants. 



Al = 1.5, A2 = 0.1, A3 = 10"^ A4 = 1.5, As = 0.5, Ag = 1.5, 



(Bl) 



and with the VEVs with same values used in Sec. IV A, from Eq. (25) and (27) it follows 
that 



/ ^ -4861 GeV. 

and the eigenvalues (in GeV) of the matrix in Eq. (26) are in this case 

Mh^ fti 2.3 X 10^ Mh^ fti 293, Mh^ ~ 156. 



(B2) 



(B3) 



The symmetry eigenstates 77°,p°,x° and the mass eigenstates i?i,i?2 and are now 
related by the orthogonal matrix 
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/?7°\ / -0.7640 -0.6045 -0.2253 \ ( 

« 0.6434 -0.7397 -0.1969 /^s" , (B4) 
V x° / V 0-0476 0.2954 -0.9542 / \Hl J 

and we see that also in this situation the x° is almost the lightest scalar H^. We have 
also found solutions with m/^.^ ^ 200 GeV, however, the respective A's in Eq. (Bl), are 
dangerously near at the perturbative limit of the theory. For latter reason we expect that 
niHs < 2M2 solutions are favored for a range of the dimensionless coupling constant as in 
Eqs. (27) and (Bl). 

As we said in Sec. V, x° is mainly a stable neutral scalar and, if ttihs < 2Mz it may 
may be a good candidate for cold dark matter. 



APPENDIX C: ONE LOOP CORRECTION TO THE POTENTIAL 



In the 1-loop approximation, the whole h contribution for the effective potential can be 
extracted from the quadratic part of the Lagrangian [29]. It is, for computational conve- 
nience, chosen a gauge fixing of type, see Ref. [21]. The basic integral that must be 
computed, using dimensional regularization, is given by [36] 



yd) 



ih r d^k 



in r 

Ti (27r) 



^ In det Dap{k,m) 



(27r) 



2(47r 

n 

~32^ 



647r2 



m 



m 



r(-2 + e) 



13 , ^ , m 

- H 7 + m 47r — m — 

e 2 CT' 



(CI) 



where cr is a mass scale parameter introduced to keep the correct dimension for V^^^ when 
the integral is extended to others dimensions. And e = (4 — D)/2. It was also done the 
usual expansion for the F function and taken the limit D — 4, where it was possible. The 
formula above must be multiplied by the number of the degrees of freedom of the respective 
field, including a minus one factor for fermionic fields, which gives a nonzero contribution to 
the effective potential. These numbers are, 6 for a charged vectorial boson, 3 for a neutral 
vectorial boson, 2 for a charged scalar, 1 for a neutral scalar and -4 for a lepton and -12 for 
a quark. The mass parameter, m, in are functions of the shifts in the real components 
of the neutral scalars fields which get a vacuum expectation value [28,29]. We call these 
shifts by = {uri,Up,u^), and arc to be identified at the end of the computation with 
their respective fields. Renormalization guarantees that we can absorb the infinities through 
redefinition of the arbitrary parameters of the model. We use a renormalization prescription 
based in a modified minimal subtraction of the kind MS [37] in the sense that we will 
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keep only the logarithmic term as loop corrections. Thus the whole one loop corrections is 
summarized in 

y''' = -^,t"c.<Mln^^, (C2) 

where Ua stands for the number related to the degrees of freedom, as we said before, and 
the sum is over the n physical and non-physical fields of the theory. 
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FIGURES 
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FIG. 1. Two dimensional projection of the scalar potential in the 3-3-1 model. 
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FIG. 2. Using Eq. (42) we show the surface V33i(min) = with as a function of the exotic 
quark masses. We have defined a = mj/v^^ k = rrij^/v^ and 6 = mj^/v^. 
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